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A B S T R A C T

Microorganisms in biofilms are protected from environmental stressors and therefore exhibit strong resistance to 
conventional removal strategies, including chemical disinfectants and antibiotics. In this study, we systematically 
evaluated nanomaterial-based removal methods on Listeria innocua biofilms. Anisotropic magnetic particles, 
composed of iron oxide, and silver nanoparticles, known for their intrinsic antibacterial properties, were used to 
assess the potential of nanostructure-triggered biofilm disruption. We investigated how particle surface rough
ness and size affect biofilm removal under magnetic actuation, using both classical colony-forming unit quan
tification (viability assessment) and fluorescence-based detection via a reporter protein. The surface roughness 
and size of anisotropic magnetic particles only modestly affected biofilm disruption. Conversely, a synergistic 
effect was observed when anisotropic magnetic particles were grafted with silver nanoparticles. Furthermore, we 
used Enterococcus faecalis and Candida albicans biofilms and observed pronounced species-dependent variability 
of the silver-based treatments. Our results indicate that hybrid magneto–chemical strategies represent a prom
ising and likely necessary approach for reliable and robust biofilm removal.

1. Introduction

Biofilms present a significant challenge, as they form on a wide range 
of biotic and abiotic surfaces and enable microorganisms to persist as 
ongoing sources of contamination and potential illness. Biofilm-related 
infections frequently arise from biofilm formation on teeth, tissues, 
implants, and medical equipment in hospital settings. Biofilms are also a 

common cause of food recalls due to colonization of surfaces and 
contamination of water supplies in food industry environments [1–3]. 
Biofilms consist of microbial cells and a matrix of extracellular poly
meric substances (EPS) that is crucial for the functional and structural 
integrity of biofilms. The EPS matrix is composed of extracellular pro
teins, extracellular DNA, and exopolysaccharides, the presence and 
composition of which depend on the bacterial species [1,4]. 
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Microorganisms within biofilms are protected from stress, dehydration, 
and antibacterial agents, making them more resistant to cleaning fluids, 
disinfectants, and antibiotics [5,6].

Listeria innocua are harmless Gram-positive bacteria frequently iso
lated from food industry environments and food products [7]. They are 
proficient at forming biofilms and can be found alongside the closely 
related species Listeria monocytogenes. However, L. monocytogenes is 
highly pathogenic to humans and animals, causing infections that lead 
to high hospitalization and mortality rates among high-risk individuals. 
Listeria species adhere very firmly to various biotic and abiotic surfaces 
and form biofilms, making them a good model for persistent biofilms 
[8]. Both above-mentioned species coexist in the same environments, 
and thus L. innocua can mask the presence of L. monocytogenes or 
enhance its growth through cooperation in biofilms [9]. Therefore, 
controlling L. innocua biofilms serves as a useful strategy for restricting 
L. monocytogenes growth in the food industry [9–11]. Beyond 
food-related contexts, biofilms formed by the Gram-positive bacterium 
Enterococcus faecalis and the yeast Candida albicans are clinically rele
vant in dentistry and implantology, where biofilm growth is often 
responsible for unsuccessful treatments with conventional disinfectants 
and antimicrobial agents [12,13].

Classical biofilm removal strategies include physical methods (e.g., 
non-thermal plasma [14] and high hydrostatic pressure [15]), chemical 
methods (e.g., chlorine-based agents and oxidants [16,17]), and bio
logical methods (e.g., enzymes [18], biosurfactants [19], and bacterio
phages [20]). Physical methods are difficult to implement at the 
industrial scale and are frequently insufficient when used alone [2,10]. 
Chemical methods, although widely used, remain species- and 
condition-dependent and are increasingly limited by the emergence of 
resistance, particularly in relation to chlorine-based agents [2,14]. En
zymes are also useful as they degrade EPS components; however, they 
tend to be more species-specific and must often be combined with me
chanical treatments or sanitizers to achieve sufficient effectiveness. 
Moreover, biofilms are highly complex, varying in their characteristics 
and species, which increases the likelihood of resistance to removal 
methods. To address this challenge, the development of new methods for 
biofilm removal is essential [6,10].

In recent years, nanomaterials have attracted considerable attention 
due to their high reactivity, robust chemical and thermal stability, large 
surface-to-volume ratio, and cost-effective production [21,22]. 
Furthermore, their tunable physicochemical properties additionally 
expand their utility in biomedical applications, particularly in 
combating biofilms. Because of their nanoscale dimensions, engineered 
nanoparticles (NPs) can penetrate dense biological barriers, traverse 
biofilm matrices, and release antimicrobial agents at otherwise inac
cessible sites. Further functionalization of NP surfaces enhances targeted 
delivery. Additionally, certain inorganic NPs, such as silver, exhibit 
intrinsic antimicrobial activity, enabling their direct use as 
biofilm-disrupting agents [21–23].

Various nanomaterials exist, of which stable assemblies of multiple 
magnetic iron oxide NPs (IONPs) are particularly promising due to their 
superparamagnetism, ease of surface modification, and responsiveness 
to external magnetic fields, enabling both precise magnetic guidance 
and magneto-mechanical actuation [24,25]. In addition to their estab
lished applications in magnetic resonance imaging, magnetic particle 
imaging, magnetic hyperthermia, and drug delivery [22,26,27], as
semblies of multiple IONPs offer unique advantages for biofilm eradi
cation [28]. They can disrupt microbial communities (through reactive 
oxygen species generation), enhance antimicrobial delivery, mechani
cally disturb the EPS matrix, and enable localized magnetic hyperther
mia [29,30]. Functionalized IONP assemblies carrying antimicrobial 
agents can be precisely directed to infection sites using external mag
netic field gradients, enabling localized drug release and minimizing 
systemic side effects [22]. Moreover, their ability to generate heat under 
an alternating magnetic field makes them highly promising for magnetic 
hyperthermia [31]. Importantly, when physically propelled or oscillated 

by exposure to external magnetic field actuators, IONPs in the form of 
particles with anisotropic shapes can mechanically penetrate the EPS 
matrix, creating microscale channels that compromise biofilm integrity 
and significantly improve antimicrobial penetration [25,32,33]. 
Collectively, these multifaceted properties position IONP assemblies as a 
powerful platform for next-generation biofilm therapies, offering inno
vative strategies to overcome the persistent limitations of conventional 
antibiotics.

Silver nanoparticles (AgNPs) are known for their antibacterial effects 
against various organisms [34], and their antibiofilm effects have also 
been reported [35]. However, these effects are not entirely general and 
are strongly influenced by AgNP design [36,37].

In this work, we investigated the potential of magneto–mechanical 
disruption as a strategy for removing resilient biofilms, using persistent 
L. innocua biofilms as a model system. We systematically studied various 
properties of anisotropic magnetic particles (AMPs) and assessed the 
biofilm removal potential of a hybrid magneto–chemical approach 
based on engineered AMPs and AgNPs.

2. Materials and methods

2.1. Materials

Iron(III) sulfate hydrate, iron(II) sulfate heptahydrate, ammonium 
hydroxide (25%), acetone (99.5%), and citric acid monohydrate (99%) 
were purchased from VWR Chemicals. Dichloromethane (99.5%) was 
obtained from J.T. Baker. Tetraethyl orthosilicate (TEOS), N,N- 
diisopropylethylamine (DIPEA, ≥ 99%), absolute ethanol (99.5%), 
polyvinylpyrrolidone (PVP, Mw = 40 kDa), and triethanolamine (TEA, 
≥ 99%) were sourced from Sigma-Aldrich. Cetyltrimethylammonium 
bromide (CTAB, 98%) and NaCl (≥ 99.5%) were supplied by Thermo 
Fisher Scientific, hydrobromic acid (48%) by Fluka, and tris(hydrox
ymethyl)aminomethane (TRIS, 99.8%) by Acros Organics. Cyclohexane 
(99.8%) was purchased from Carlo Erba Reagents, and hexadecyl
trimethylammonium p-toluenesulfonate (99.0%) and N,N- 
dimethylformamide (DMF, 99.9%) were acquired from Merck. Ammo
nium nitrate (> 99%) was purchased from Chemlab, and both (3-ami
nopropyl)triethoxysilane (APTES, 98%) and succinic anhydride (SA, 
99%) were purchased from Alfa Aesar. Ricinoleic acid (> 80%) was 
acquired from TCI Chemicals. Silver nitrate (AgNO3, ≥ 99%), tannic 
acid (≥ 95%), nitric acid (≥ 65%), sodium hydroxide (NaOH, ≥ 98%) 
were purchased from Carl Roth. Thiol-polyethylene glycol-acid, N- 
hydroxysulfosuccinimide sodium salt (sulfo NHS), N-(3-dimethylami
nopropyl)-N′-ethylcarbodiimide-hydrochloride (EDC), and phosphate- 
buffered saline (PBS, pH 7.4, tablets) were purchased from Brunsch
wig. Water was purified using an Adrona E30 purification system 
(Adrona Ltd., Riga, Latvia). Silica NPs (SiO2NPs) with a size of 50 nm 
were comprehensively described and thoroughly characterized in 
Polajžer et al. [38].

2.2. Syntheses of different AMPs

2.2.1. Synthesis of nanochains (NCs) with different silica shell 
morphologies

Magnetic NCs were synthesized in a multistep process. First, nano
clusters with a mean diameter of approximately 100 nm were prepared 
as previously reported [39–41]. These clusters were then magnetically 
assembled into linear chain-like structures of approximately 900 nm in 
length through magnetic alignment, as described in detail elsewhere 
[42]. The dynamically formed NCs were subsequently coated with three 
distinct types of silica shells, as detailed in our earlier studies [33,41].

For smooth silica-coated NCs (NC-sSi), NCs (100 mg) were resus
pended in distilled water to a final volume of 114 mL and sonicated for 
1 min. The suspension was then mixed with 18 mL of aqueous ammonia 
(25 wt%) and sonicated again for 1 min. Subsequently, 300 mL of TEOS 
solution (0.02 M in ethanol) was added, and the mixture was stirred 
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overnight. The next day, the particles were washed twice with ethanol, 
twice with distilled water, and finally resuspended in water at a con
centration of 10 mg/mL.

For highly rough silica-coated NCs (NC-hrSi), 75 mL of CTAB 
(0.26 M) solution was prepared, of which 5 mL was used to dissolve 
137 mg of tris(hydroxymethyl)aminomethane. NCs (100 mg) were 
dispersed in the remaining CTAB solution, and then the tris(hydrox
ymethyl)aminomethane–CTAB mixture was added gradually. The 
resulting suspension was sonicated for 1 min, transferred to a round- 
bottom flask, placed in an oil bath at 50 ◦C, and stirred at 600 rpm for 
10 min. A solution of TEOS (0.938 mL) in cyclohexane (11 mL) was then 
added to the NC suspension. The reaction proceeded under continuous 
stirring for 1.5 h, after which a second identical amount of TEOS in 
cyclohexane was introduced. The mixture was then stirred overnight at 
50 ◦C. To remove residual surfactant, ammonium nitrate (2 g) was dis
solved in ethanol (100 mL) at 60 ◦C, and then NCs (100 mg) were added 
and stirred for 1 h. Particles were washed twice with ethanol and were 
then resuspended in ethanol (50 mL). If the isoelectric point exceeded 
pH 4.0, the process was repeated. After the final wash, particles were 
resuspended in water to a final concentration of 10 mg/mL.

For moderately rough silica-coated NCs (NC-mrSi), 52 mL of hex
adecyltrimethylammonium p-toluenesulfonate (0.025 M) was heated to 
50 ◦C and then mixed with NCs (100 mg) and TEOS (2.5 mL). After 
10 min, triethanolamine (6.25 µL) was added, and the mixture was 
stirred overnight at 50 ◦C. Residual templating surfactants were 
removed using the ammonium nitrate washing procedure described for 
NC-hrSi. The particles were then resuspended in water to a final con
centration of 10 mg/mL.

2.2.2. Synthesis of magnetic microrods
Magnetic microrods were synthesized by magnetic assembly of 

IONPs followed by silica deposition [43]. IONPs were synthesized by 
co-precipitation of Fe²⁺ (27 mM) and Fe³⁺ (14 mM) salts in aqueous so
lution following established protocols [44]. Co-precipitation was 
induced by stepwise addition of 25% aqueous ammonia: first adjusting 
the pH to 3 for 30 min and then to 11.6 for another 30 min. The syn
thesized nanocrystals were collected with an NdFeB magnet, washed 
three times with ammonia solution (pH 10.5), and redispersed in water 
(120 mL). For colloidal stabilization with citric acid [45], 5 mL of citric 
acid solution (0.5 g/mL) was added to the dispersion. The pH was 
adjusted to 5.2, and the mixture was stirred at 80 ◦C for 90 min. Sub
sequently, the pH was raised to 10.2 with 25% aqueous ammonia, and 
the suspension was centrifuged at 5000 g for 5 min to remove aggre
gates. The resulting magnetic NP suspension was used for further mag
netic assembly [46].

To 75 mL of this suspension, 1.5 mL of 25% aqueous ammonia was 
added under stirring at 400 rpm for 2 min to initiate TEOS hydrolysis 
and condensation. TEOS solution (0.172 M) in ethanol was then added 
dropwise, and after 1 min, saturated NaCl solution (3 mL) was added to 
promote magnetic assembly and rod-like formation. The mixture was 
stirred for 2 min, exposed to a 24 mT magnetic field, and left overnight 
to enable the formation of micron-sized rods by silica deposition and 
structure strengthening. The magnetic microrods were purified by 
magnetic separation and repeated washing. To enhance microrod sta
bility, an additional thin silica shell was deposited. The magnetic 
microrods were dispersed in a mixture of water (100 mL) and ethanol 
(250 mL), and then 1.65 mL of 25% aqueous ammonia was added, fol
lowed by the gradual addition of 17 mL of TEOS (0.79 M) in ethanol 
under stirring at 250 rpm. Two additional 1.65 mL aliquots of ammonia 
were added at 1 h intervals to maintain TEOS hydrolysis and conden
sation. The reaction proceeded for an additional 2 h. Silica-coated 
microrods were purified by magnetic separation and washing with 
deionized water. After the final wash, the particles were redispersed in 
water at a concentration of 10 mg/mL.

2.2.3. Synthesis of magnetic nanorods
Nanorods were assembled by dispersing IONPs in ethanol solution 

under an external magnetic field. IONPs were synthesized by co- 
precipitating Fe²⁺ (0.135 M) and Fe³⁺ (0.113 M) salts with aqueous 
ammonia (400 mL) at 75 ◦C under vigorous stirring (pH > 9.5), as 
described elsewhere [47]. Briefly, immediately after ammonia addition, 
ricinoleic acid (10 g) was gradually added over 30 min to hydrophobize 
the nanocrystals, followed by ageing at 80 ◦C for 30 min. After cooling, 
the pH was adjusted to approximately 5 with aqueous nitric acid solu
tion (pH 1) to induce NP flocculation. The precipitate was washed three 
times with deionized water and methanol, dried, and redispersed in 
chloroform for storage. Next, deionized water (20 mL) and absolute 
ethanol (80 mL) were mixed in a beaker placed in a 37 mT magnetic field 
and stirred at 500 rpm. To initiate the process, 2.5 mL of 25% aqueous 
ammonia was added, followed by dropwise addition of the nanocrystal 
suspension into the vigorously stirred mixture. After 5 min, the magnetic 
field was removed, and TEOS (200 µL) was added dropwise. The mixture 
was stirred for 30 s and then left undisturbed for 3 h to allow silica 
condensation. Nanorods were collected by magnetic separation, purified 
by three ethanol washes followed by three water washes, and finally 
redispersed in water at a concentration of 10 mg/mL.

2.3. AMP functionalization, AgNP synthesis, and nanorod grafting with 
AgNPs

All AMP types were first amino-functionalized with APTES to enable 
subsequent reaction with succinic anhydride, introducing surface 
carboxyl groups and ensuring good colloidal stability of AMPs in bac
terial culture media.

2.3.1. Carboxyl functionalization of AMPs
AMPs (100 mg) were dispersed in a mixture of absolute ethanol 

(25 mL) and distilled water (25 mL). The suspension was placed in an oil 
bath maintained at 50 ◦C. Then, 25% ammonia solution (0.9 mL) was 
added, followed by APTES (0.3 mL). The reaction mixture was stirred 
overnight at 50 ◦C. The next day, the particles were washed twice with 
distilled water and resuspended in dimethylformamide (20 mL) for 
further succinic anhydride functionalization. To this AMP suspension, a 
mixture of additional dimethylformamide (25 mL) and N,N- 
diisopropylethylamine (0.3 mL) was added. The flask was placed in an 
oil bath at 50 ◦C, and then succinic anhydride (200 mg dissolved in 5 mL 
of dimethylformamide) was introduced. The reaction mixture was stir
red at 50 ◦C for 3 h. After the reaction was complete, the carboxyl- 
functionalized AMPs were washed with distilled water and resus
pended in distilled water to a final concentration of 10 mg/mL.

2.3.2. Synthesis of polyethylene glycol (PEG)-stabilized AgNPs
AgNPs were prepared using a tannic acid reduction method. Briefly, 

tannic acid (1 mL, 10 mM) was dissolved in ultrapure water (200 mL, 
18.2 MΩ⋅cm), and the pH was adjusted to basic conditions with NaOH. 
AgNO3 solution (1 mL, 100 mM) was then added under stirring, 
resulting in the formation of AgNPs. The NPs were stabilized with a PEG- 
thiol ligand (10 mM). The suspension was purified by centrifugation and 
dialysis to remove excess reagents before resuspension in ultrapure 
water or PBS (pH 7.4; 137 mM NaCl, 2.7 mM KCl, 10 mM Na₂HPO₄, and 
1.8 mM KH₂PO₄).

2.3.3. AgNP grafting onto nanorods
The surface of the nanorods was first functionalized with APTES as 

described above. Grafting of AgNPs onto amino-functionalized nanorods 
was achieved by EDC/NHS coupling, reacting activated COOH groups of 
PEG-functionalized AgNPs with amines on the amino-functionalized 
nanorods. AgNPs were dispersed in PBS (pH 7.4) to a final concentra
tion of 0.125 mg/mL. EDC in excess (final concentration: 0.75 µmol/mL) 
was added and stirred for 10 min. NHS (final concentration: 1.5 µmol/ 
mL, i.e., two equivalents relative to EDC) was then added and stirred for 
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another 10 min. Finally, amino-functionalized nanorods (final concen
tration: 0.5 mg/mL) were added and stirred for 1 h. The product was 
purified by magnetic separation, washed three times with ultrapure 
water, and resuspended in ultrapure water. The calculated silver loading 
per milligram of nanorods was 17% (w/w).

2.4. Characterization of AMPs and AgNPs

Transmission electron microscopy of NCs, nanorods, and microrods 
was performed using a Jeol 2100 instrument (Akishima, Japan) equip
ped with energy-dispersive X-ray spectroscopy (JED 2300 EDS). Samples 
were prepared by depositing a few drops of the diluted suspension onto 
200 mesh TEM grids (SPI Supplies, West Chester, PA) and allowing them 
to dry. Particle size distributions (n = 200) were determined with 
ImageJ (version 1.53 t, Java 1.8.0).

The size and shape of AgNPs were determined using TEM (TechNai 
TEM and Talos L120C). Samples for TEM analyses were prepared by 
depositing a drop onto ultra-thin carbon-coated copper 200 mesh grids 
(TED PELLA). A size histogram was created after measuring at least 100 
NPs. Imaging of nanorods-AgNPs and nanorods was performed using the 
same procedure as for AgNPs.

Vibrating sample magnetometry measurements, for magnetic char
acterization, were conducted at room temperature (VSM 7307, Lake 
Shore Cryotronics, Westerville, OH) under a maximum applied magnetic 
field of 10 kOe.

Zeta potential measurements were performed using a Litesizer 500 
instrument (Anton Paar, Graz, Austria). NCs and nanorods were diluted 
to a concentration of 0.025 mg/mL in 10 mM KCl and placed in a beaker 
for automated titration analysis. The hydrodynamic size, polydispersity, 
and surface charge of AgNPs were analyzed using a Litesizer 701 dy
namic light scattering instrument (Anton Paar) equipped with a 40 mW 
laser diode operating at a wavelength of 658 nm, along with nanoQ 
v2.6.4.0 software. The hydrodynamic diameter was measured at an 
angle of 175 ◦. All experiments were conducted in triplicate. To assess 
the surface charge of AgNPs, the samples were diluted in 10 mM NaCl 
before analysis.

The concentrations of silver ions in AgNPs, and iron ions in micro
rods, NCs, and nanorods were determined using atomic absorption 
spectroscopy and PinAAcle 500 PerkinElmer AAS and Syngistix v5.1.0 
software. Particles were dissolved in 50% Aqua Regia, and the resulting 
solution was analyzed by AAS to determine silver and iron ions 
concentrations.

The colloidal stability of AgNPs was assessed by diluting and incu
bating them in PBS at 37.4 ◦C for 1–7 days. The suspensions were then 
analyzed by UV–Vis and dynamic light scattering analysis. UV–Vis 
spectra of AgNPs were recorded at 300–800 nm with 0.5 nm steps using 
a UV-1600PC spectrophotometer (VWR) equipped with M.WAVE Pro 
1.0 software.

NP fluorescence was measured in growth medium and buffer using 
DsRed Express fluorescence settings (excitation at 554 nm and emission 
at 586 nm) to assess possible NP or AMP-related effects. Low fluores
cence was observed in Miller LB medium with NCs. (Fig. S1).

2.5. Bacteria and biofilms

2.5.1. Bacterial cultures
The food isolate L. innocua strain ŽM39 [48] from the ZIM Culture 

Collection (University of Ljubljana) was used. Electrocompetent 
L. innocua ŽM39 cells were prepared as previously described [49]. They 
were transformed with the vector pJEBAN6 [50], which carries the gene 
for the reporter protein DsRed Express, by electroporation using the 
electric pulse generator Vitae (Igea) with two 1 ms pulses at 1.5 kV/cm 
and a pulse frequency of 1 Hz. Transformed bacteria were selected on 
media supplemented with erythromycin, and DsRed Express expression 
was confirmed by fluorescence microscopy. The stock culture was stored 
at − 80 ◦C and revitalized by culturing on tryptic soy broth (Millipore) 

agar (VWR) with erythromycin added at a concentration of 10 μg/mL at 
37 ◦C. For overnight culture, L. innocua DsRed Express was inoculated 
into Miller-type lysogeny broth (Sigma-Aldrich) with a pH of 6.8–7.2 
and supplemented with 10 μg/mL erythromycin (Miller LB-Ery) and 
grown at 37 ◦C and 190 rpm for 16–20 h in an ES-20 orbital shaker 
(Biosan).

E. faecalis (ATCC 29212, University of Geneva) was cultured from 
frozen stocks onto Brain Heart Infusion (BHI) agar (Becton Dickinson). 
Single colonies were transferred into BHI broth (9 mL) and incubated 
aerobically at 37 ◦C overnight.

C. albicans (clinical isolate GEGE1122.01, University Hospitals of 
Geneva) was grown on 4% Sabouraud dextrose agar and subsequently 
transferred into 4% Sabouraud dextrose broth. Cultures were incubated 
aerobically at 37 ◦C overnight.

2.5.2. Growth curve analysis
L. innocua overnight cultures were adjusted to an optical density at 

600 nm (OD600) of 0.1 measured in Miller LB-Ery, corresponding to 
approximately 108 colony-forming units (CFU)/mL. AgNPs and SiO2NPs 
were diluted in Miller LB-Ery and added to bacterial suspensions at final 
concentrations of 0.1 and 0.01 mg/mL in final volumes of 200 µL/well. 
Bacterial cultures were grown in microplates for 24 h at 37 ◦C with 
shaking after each cycle of absorbance measurement at 595 nm every 
2 min in a microplate reader (Tecan Sunrise). Growth curves were 
plotted, fitted, and analyzed using QurvE [51,52], and the maximum 
OD, lag phase, and maximum growth rate were calculated. Maximum 
OD is determined as the upper asymptote of the fitted growth curve, 
maximum growth rate is calculated as the maximum slope of the first 
derivative of the fitted growth curve, and the lag phase is estimated from 
the intersection of the extrapolated baseline and a tangent at the point of 
the maximum growth rate. The workflow is illustrated in Fig. S2.

2.5.3. Preparation of titanium grade 4 surfaces for biofilm assays
Commercially pure titanium grade 4 plates (10 × 10 × 1 mm³) were 

obtained from Bibus Métal AG (Fehraltorf, Switzerland). The plates were 
produced by industrial cold rolling (with laminated finish and not 
mirror-polished) and were accompanied by manufacturer certificates of 
conformity in compliance with ASTM F67/ISO 5832–2. Handling was 
performed with nitrile gloves to prevent surface contamination.

Before the experiment, each plate underwent a standardized clean
ing sequence. (1) Ultrasonic cleaning in a 3% (v/v) titanium-specific 
alkaline detergent (Galvex® 17.3%, NGL Cleaning Technology, 
Switzerland) in deionized water for 10 min. (2) Double rinse in deion
ized water (2 × 2 min). (3) Rinse in isopropanol (≥ 99.5%) for 2 min. (4) 
Drying with filtered compressed air (Class 100). After cleaning, the 
plates were sterilized by saturated-steam autoclaving at 121 ◦C for 
20 min and stored in heat-sealed sterile pouches until use.

2.5.4. Effect of AgNPs on initial adhesion of E. faecalis
E. faecalis overnight cultures were centrifuged (4000 rpm, 5 min) and 

resuspended in fresh medium. The bacterial density was adjusted to 
OD₆₀₀ = 0.5. For adhesion assays, 200 µL of the bacterial suspension was 
added to 1.8 mL of fresh medium in 24-well plates containing sterile Ti- 
G4 plates. AgNPs were added to achieve final concentrations of 0.1, 
0.01, 0.001, and 0.0001 mg/mL. Wells were gently mixed before incu
bation. Samples were incubated for 24 h at 37 ◦C under aerobic condi
tions without agitation to allow bacterial adhesion and early biofilm 
formation.

2.5.5. Biofilm formation
L. innocua overnight cultures, grown for 16–20 h, were adjusted in 

Miller LB-Ery to OD600 = 0.1, which resulted in approximately 108 CFU/ 
mL of bacteria. These cultures were inoculated into black flat-bottom 
polystyrene cell culture-treated microtiter plates at 100 µL/well 
(Nunc, Thermo Fisher). After 1 h of incubation at 37 ◦C, the supernatant 
was discarded and replaced with fresh Miller LB-Ery, followed by 
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biofilm growth for 24 h at 37 ◦C. In the initial adhesion roughly 5 × 107 

CFU/mL of L. innocua bacterial cells adhered to the surface of the well.
Overnight E. faecalis and C. albicans cultures were centrifuged for 

5 min at 4000 × g and 2000 × g, respectively, and their pellets were 
resuspended in sterile PBS (Gibco, Thermo Fisher Scientific). E. faecalis 
cell density was adjusted to OD600 = 0.5, corresponding to approxi
mately 2 × 10⁹ CFU/mL. Conversely, C. albicans cell density was 
adjusted to OD600 = 0.7, corresponding to approximately 10⁶–10⁷ CFU/ 
mL. For biofilm formation, sterile grade 4 titanium plates (10 mm ×
10 mm) were placed in 24-well plates, inoculated with either E. faecalis 
or C. albicans suspensions, and incubated aerobically at 37 ◦C for 24 h. 
After incubation, biofilms were gently washed three times with PBS to 
remove non-adherent cells.

2.6. Bacterial adhesion onto AMPs in suspension

Overnight L. innocua cultures were adjusted to OD600 = 0.5 in Miller 
LB-Ery. AMPs were stored in 70% ethanol and washed twice with PBS on 
a magnetic stand (Thermo Fisher) before being resuspended in bacterial 
suspensions (500 µL) in low-binding microcentrifuge tubes (Corning) at 
a final concentration of 0.5 mg/mL. To exclude bacteria adhering to the 
microcentrifuge tube surface, a control without AMPs was included. 
Samples were incubated for 30 min with agitation at room temperature. 
Afterwards, the AMPs were magnetically separated on the magnetic 
stand, and the supernatant was removed. The AMPs were resuspended in 
Miller LB-Ery and treated in an ultrasound bath (Elmasonic P) at 37 kHz 
and 30% power for 30 min. After sonication and magnetic separation, 
serial dilutions were prepared and used for drop plating, performed in 
triplicate on Tryptic Soy Agar 120 mm plates. Plates with serial dilutions 
were incubated for 18–20 h at 37 ◦C. CFUs were counted using OpenCFU 
software [53].

2.7. Biofilm treatment and analysis

2.7.1. Treatment of L. innocua and E. faecalis biofilms with AgNO3
AgNO3 was diluted in Miller LB-Ery (for L. innocua) and BHI broth 

(for E. faecalis) to final concentrations of 1, 0.1, and 0.01 mg/mL. At 24 h 
after seeding, L. innocua and E. faecalis biofilms were washed three times 
with PBS and then incubated with the corresponding AgNO3 solutions 
for 24 h at 37 ◦C. The workflow is illustrated in Fig. S2.

2.7.2. Treatment of L. innocua, E. faecalis, and C. albicans with AgNPs and 
SiO2NPs

AgNPs and SiO2NPs were diluted in Miller LB-Ery (for L. innocua), 
BHI broth (for E. faecalis), or Sabouraud broth (for C. albicans) to final 
concentrations of 0.1, 0.01, 0.001, and 0.0001 mg/mL (for AgNPs) and 
0.1 and 0.01 mg/mL (for SiO2NPs). At 24 h after seeding, the three 
different biofilms were washed three times with sterile PBS and then 
incubated with the corresponding NPs for 30 min or 24 h.

2.7.3. Magnetic field experimental setups
Biofilm disruption experiments were performed in 96-well microtiter 

plates exposed to a rotating magnetic field generated by two different 
stirring configurations in accordance to the magnetic stirrer used. In 
case where conventional laboratory stirrer (Hei-PLATE Mix ’n’ Heat 
Core, Heidolph) was used, it was positioned above the microtiter plate 
(i.e., in an inverted configuration). This configuration was selected to 
minimize particle sedimentation and reduce magnetic aggregation 
arising from magnetic field gradients, which is particularly important 
for larger microrods. For the 96-well plate induction stirrer with 96 
stirring positions (MIXdrive 96 MTP, “2 mag” AG, Germany; at 100% 
power) the 96-well microtiter plate was placed directly on an induction 
stirrer area. The samples in both configurations were subjected to 
rotational speeds of 300 or 600 rpm. The data about magnetic field 
strengths measured in different configurations and conditions are 
specified in Supporting Material (Fig. S3). A video showing nanoparticle 

rotation in microtiter wells exposed to the conventional laboratory 
stirrer is also provided as Supporting Material.

2.7.4. Treatment of L. innocua with AMPs and nanorod–AgNPs
AMPs were stored in 70% ethanol and washed twice in PBS on a 

magnetic stand (Thermo Fisher) before being diluted in Miller LB-Ery to 
a concentration of 1 mg/mL. The nanorod–AgNPs were stored in water 
and used directly without a washing step. AgNPs were diluted to a 
concentration of 0.17 mg/mL, matching the AgNP content in nano
rod–AgNPs at 1 mg/mL. At 24 h after seeding, L. innocua biofilms were 
washed three times with sterile PBS before treatment for 30 min at either 
300 or 600 rpm on a 96-well induction stirrer. For nanorod–AgNPs, two 
stirrers at 600 rpm were used: a 96-well induction stirrer and a labo
ratory stirrer. The experiments with nanorod–AgNPs, nanorods, and 
AgNPs were conducted either with or without a 24 h incubation at 37 ◦C 
after the 30 min treatment. Scheme of the experiment is illustrated in 
Fig. S2.

2.7.5. Analysis of biofilm treatment effects
The efficacy of treating L. innocua biofilms was evaluated separately 

for adhered and dispersed bacteria. After treatment, the dispersed bac
teria were removed from the wells and transferred to empty microtiter 
plate wells. The bacteria that remained adhered were supplemented 
with fresh medium. For treatments with AMPs and nanorod–AgNPs, the 
fluorescence of DsRed Express expressed in L. innocua was also measured 
using an M-1000 microplate reader (Tecan) with an excitation wave
length of 554 nm, emission wavelength of 586 nm, 5 nm bandwidth, 
3 × 3 reads/well, and 200 flashes. Afterwards, the bacteria were treated 
in an ultrasound bath (Elmasonic P) at 37 kHz and 30% power for 
30 min, the treatment had no significant effect on bacterial viability 
(Fig. S4). After sonication, serial dilutions were prepared and used for 
drop plating, which was performed in triplicate on Tryptic Soy Agar 
120 mm plates. Plates with serial dilutions were incubated for 18–20 h 
at 37 ◦C. CFUs from drops containing 3–30 colonies were counted using 
OpenCFU software [53].

L. innocua washed biofilms contained approximately 7 log CFU of 
bacteria. In experiments we used biofilms with a monolayer of firmly 
adhered L. innocua cells 24 h after seeding (Fig. S5). Using fluorescence- 
based detection of DsRed Express in untreated bacteria (log 7), we ob
tained 400–700 relative fluorescence units, which is relatively low but 
still clearly above the detection limit. For dispersed bacteria, the fluo
rescence signal dropped below the detection limit, and thus viability 
assays were used. By contrast, the remaining adhered bacteria were 
evaluated using both fluorescence-based detection and viability assays.

After treatment, E. faecalis and C. albicans biofilms were washed 
three times with PBS and transferred to fresh tubes containing PBS. 
Biofilm cells were detached by vortexing for 2 min followed by soni
cation for 20 s. Suspensions were serially diluted, plated on BHI agar (for 
E. faecalis) and Sabouraud agar (for C. albicans), and incubated for 24 h 
at 37 ◦C. CFUs were counted from plates containing 20–300 colonies. 
Each condition was tested in triplicate and repeated in three indepen
dent experiments (n = 9). The workflow is illustrated in Fig. S2.

2.7.6. Scanning electron microscopy (SEM) of samples containing AMPs, 
AgNPs, and bacteria

L. innocua biofilms were grown on black, polystyrene, cell culture- 
treated microtiter plates (Nunc) for 24 h. The biofilms were washed 
three times with PBS and treated with 0.17 mg/mL AgNPs, 1 mg/mL 
nanorods, and 1 mg/mL nanorod–AgNPs (prepared in PBS) for 30 min at 
600 rpm using a laboratory stirrer. After treatment, biofilms were fixed 
with 2.5% glutaraldehyde in PBS buffer for 30 min, washed in PBS (2 ×
5 min), and washed in distilled water (2 × 30 s). Samples were dehy
drated using a graded ethanol series (30%, 50%, 70%, and 90%) and 
incubated for 5 min at each step. Finally, the samples were incubated 
twice for 5 min in absolute ethanol, frozen in liquid nitrogen, and dried 
overnight by lyophilization. After lyophilization, the samples were 
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sputter-coated with a 5 nm Au/Pd (80/20) layer at 10 mA for imaging. 
SEM was performed on a Verios 4 G HP microscope (Thermo Fisher), and 
bacterial lengths (n = 300/sample) were measured using ImageJ 
software.

2.8. Statistical analysis

All experiments were conducted in three independent biological 
replicates, each with three technical repeats, except for SEM, for which 
only three independent biological replicates were performed. For 
L. innocua, we calculated the bacterial concentration from the CFUs for 
each replicate. The log reduction was determined as the base-10 loga
rithm of the ratio between the mean CFU concentrations of the untreated 
controls and treated samples. Statistical analysis was conducted on 
normalized relative fluorescence units, log10 reductions of bacterial 
concentrations, growth curve analysis parameters, and normalized 
bacterial lengths. For data illustration, CFU or log10 reduction was used. 
For growth curve analysis, nonparametric fitting was conducted in 
QurvE [51,52], and maximum OD, lag phase, and growth rate were 
calculated.

For E. faecalis and C. albicans assays, CFU data were log10-trans
formed before statistical testing.

Normality of the data was assessed using the Shapiro–Wilk test. If 
normality was met, we used ordinary ANOVA with Dunnett’s multiple 
comparison tests. When normality was not met, Kruskal–Wallis tests 
with Dunn’s multiple comparisons correction were applied. Statistical 
analyses were performed using GraphPad Prism (version 10.4 or 10.6), 
with p < 0.05 considered significant.

3. Results and discussion

In this study, we investigated the potential of magneto-mechanical 
disruption as a strategy for biofilm removal using persistent L. innocua 
biofilms as a model system. We systematically assessed the effects of a 
range of AMP properties, including surface roughness, size, and mag
netic responsiveness on biofilm removal under various magnetic field 
settings. The most effective AMPs were then functionalized by grafting 

AgNPs, enabling evaluation of both mechanical disruption and localized 
antibacterial action under rotating magnetic field actuation. This 
revealed a synergistic effect on biofilm removal and inactivation. To 
place these findings in a broader biological context, additional 
comparative assays with AgNPs were performed on E. faecalis and 
C. albicans biofilms, demonstrating that the efficacy of AgNPs is species- 
dependent. Altogether, our findings highlight the broad versatility of the 
proposed hybrid strategy across different biofilm-forming 
microorganisms.

3.1. L. innocua biofilm removal by NCs with differently rough surfaces

The first AMPs to be assessed were NCs with distinct silica shell 
roughness. These nanomaterials were fully characterized in our previous 
work, which demonstrated antibacterial efficacy against the biofilms of 
Gram-negative Escherichia coli and Pseudomonas fragi and Gram-positive 
Lactococcus lactis [33]. Building on these findings, we tested the same 
silica-coated NCs on L. innocua biofilms, which form relatively 
non-extensive structures with firmly adhered bacteria in the basal layers 
and minimal EPS. We investigated whether increased surface roughness 
of NCs improves antibiofilm efficacy under rotating magnetic fields.

We assembled spherical NP clusters into NCs (882 ± 255 nm in 
length and 193 ± 26 nm in width, with mean aspect ratio of 4.6, 
Fig. S7A), which were then coated with silica of varying roughness 
(Fig. 1). Increased AMP roughness can increase effective surface area 
and transmit stronger mechanical forces due to sharper edges compared 
to smooth surfaces, potentially affecting the efficacy of removing 
persistent L. innocua biofilms. Furthermore, the silica shell on the AMP 
surface has a hardness in the gigapascal range [54,55], whereas biofilms 
are generally soft, viscoelastic materials with mechanical properties in 
the kilopascal range [56]. This substantial mechanical contrast likely 
allows the rigid silica-coated AMP to impose localized stresses on the 
much softer biofilm matrix during actuation, promoting structural 
disruption and facilitating biofilm detachment.

To improve colloidal stability, we functionalized the particles with 
carboxyl groups to decrease direct bacterial adhesion and promote 
uniform dispersion within biofilms. Zeta potential analysis confirmed 

Fig. 1. Silica-coated nanochains with varying surface roughness. (A) Smooth (NC-sSi), (B) moderately rough (NC-mrSi), and (C) highly rough (NC-hrSi) nanochains. 
(D) Vibrating sample magnetometry measurements of the nanochains at room temperature.
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successful surface modification, as the isoelectric point shifted from 
approximately pH 10 (amine functional groups) to pH 3.5. Owing to 
their elongated shape and strong magnetic responsiveness, NCs can align 
and rotate under an external magnetic field and are therefore expected 
to exert mechanical forces within biofilms. Vibrating sample magne
tometry verified their superparamagnetic properties (absence of hys
teresis), with saturation magnetization decreasing after silica coating, 
with values of 13.1, 7.4, and 15.0 emu/g for NC-sSi, NC-mrSi, and NC- 
hrSi, respectively (Fig. 1D). This decrease reflects the contribution of 
diamagnetic silica, which increases the composite mass without adding 
to its magnetic moment. Nonetheless, all NC types retained stable 
superparamagnetic properties (Fig. 1D).

Biofilms in microtiter plate wells were treated with NCs in a mag
netic field generated by a 96-well induction stirrer, which initiated NC 
rotation at two speeds (300 and 600 rpm). Both the CFU- and 
fluorescence-based results showed no differences in antibiofilm efficacy 
among the NCs with varying surface roughness or compared to the 
control (Figs. 2A, B, S6A).

The lack of any effect is inconsistent with previous findings using 
NCs for the removal of biofilms of different bacterial species: E. coli, 
P. fragi, and L. lactis [33]. In this previous study, NCs exhibited a biofilm 
removal efficacy rate of approximately 90%, corresponding to an 
approximately 1 log10 reduction for Gram-negative E. coli and P. fragi 
and a 0.5 log10 reduction for Gram-positive L. lactis. However, these 
effects did not depend on surface roughness. In addition, similar AMPs 
damaged a Staphylococcus epidermidis floating biofilm, making bacteria 
accessible to methicillin, especially when swarm-forming AMPs were 
used [25]. However, such swarm formation was not observed in our 
experiments. This difference may be attributed to the relatively weak 
magnetic field generated by the 96-well induction stirrer, which was 
approximately 10-fold lower than in the previous study [25] and may 
have not enabled the anisotropic chains to align into coordinated, 
swarm-like assemblies. Furthermore, the observed species-specific ef
fects suggest that differences in biofilm characteristics may influence the 

antibiofilm efficacy of NCs.
Importantly, Listeria biofilms exhibit strong surface adhesion [57], 

and their interactions with abiotic surfaces are electrostatic [58]. Tei
choic acids are decorated with neutral sugars but have an overall 
negative charge due to their phosphate groups. Altogether, they 
contribute to hydrophilicity, attract cations, and enable hydrogen 
bonding. Adhesion is also mediated by proteins present on the surface of 
Listeria cells [58–60]. L. innocua biofilms were cultured on 
tissue-culture-treated polystyrene microtiter plates with negatively 
charged and hydrophilic surfaces, which facilitate protein adsorption 
and bacterial attachment. Our results show that L. innocua biofilms 
comprised a monolayer of bacterial cells that firmly adhered to the 
polystyrene surface (Fig. S5A).

Listeria biofilms also lack the soft, thick layer of EPS (Fig. S5A) that is 
present in S. epidermidis biofilms [25]. In conclusion, the lack of any 
antibiofilm effect of NCs was attributed to the characteristics of 
L. innocua biofilms (i.e., firmly adhered bacterial cells and the absence of 
sticky EPS) and the relatively small size of NCs, which generate forces 
too weak for the removal of L. innocua biofilms. These findings moti
vated further investigation into the antibiofilm efficacy of larger AMPs, 
as also suggested by Šavli et al. [33].

3.2. L. innocua biofilm removal by AMPs of different sizes

Next, we investigated whether larger AMPs, when exposed to a 
rotating magnetic field, could induce stronger antibiofilm effects. In 
addition to the NCs described above, two additional types of AMPs were 
designed, synthesized, and evaluated for their effects on biofilm 
dispersal: microrods and nanorods (Figs. 3 and 4). These AMPs were 
purposefully designed with distinct shapes, lengths, and aspect ratios to 
enable direct comparisons of how geometry governs their ability to 
interact with and mechanically perturb biofilms in rotating magnetic 
fields.

Nanorods were prepared from hydrophobic IONPs with a saturation 

Fig. 2. Log10 reduction of biofilm bacterial colony-forming units (CFUs) after treatment with anisotropic magnetic particles (AMPs) of varying roughness and sizes. 
Adhered and dispersed bacteria CFUs were counted after treatment of biofilms with nanochains (1 mg/mL) with different surface roughness: smooth (NC-sSi), 
moderately rough (NC-mrSi), and highly rough (NC-hrSi). Biofilms were treated for 30 min at 600 rpm (A) and 300 rpm (B). Biofilms were also treated with AMPs 
(1 mg/mL) of different sizes (nanorods (NRs) and microrods (MR)) for 30 min at 600 rpm (C) and 300 rpm (D). Error bars denote min and max ranges. ANOVA with 
Dunnett’s tests revealed significance levels of p < 0.05 (*).
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magnetization of 48.8 emu/g. Dispersing nanocrystals in a suspension 
under a 37 mT magnetic field aligned the assembled structures into 
anisotropic nanorods with a mean length of 1.9 ± 0.7 µm and 94 ±

13 nm width (mean aspect ratio of 20) (Fig. S7B). Subsequent silica 
coating decreased the saturation magnetization to 15.4 emu/g 
(Fig. S7D).

Microrods were synthesized by magnetically assembling numerous 
citric acid-stabilized IONPs that had been colloidally destabilized by 
increased ionic strength and have an average length of 12.6 ± 5.2 µm 
and width of 0.6 ± 0.2 µm (mean aspect ratio of 21) (Fig. S7C). To 
mechanically stabilize their structure, a thin silica layer was deposited, 
which enhanced colloidal stability and enabled further functionaliza
tion. This silica coating decreased the saturation magnetization of citric 
acid-stabilized IONPs from 55.7 to 33.9 emu/g, consistent with the 
additional diamagnetic silica mass. However, these microrods still 

exhibited superior magnetic responsiveness in translational movement 
due to their large volume (Fig. S7D). TEM analyses confirmed that 
microrods had the thinnest silica layer among the three AMP types 
(Fig. 3), thereby retaining comparatively high magnetization relative to 
nanorods and NCs. All three AMP types were functionalized with APTES 
and succinic anhydride to introduce carboxyl groups, ensuring colloidal 
stability, decreasing bacterial adhesion, and enabling effective disper
sion within biofilms.

L. innocua biofilms were treated as in the first experiment with NCs to 
evaluate the effects of AMPs with the same smooth silica coating but 
different particle sizes (NC-sSi, nanorods, and microrods). During the 
experiments, we observed that microrods were partially deposited on 
the bottoms of the wells during treatment, due to their large size 
compared to NCs and nanorods. Microrods tended to sediment sponta
neously and relatively quickly, which was more pronounced at the lower 

Fig. 3. Representative transmission electron microscopy images of nanoparticles. (A, B) Smooth nanochains, (C, D) nanorods, and (E, F) microrods.

Fig. 4. Representative transmission electron microscopy images of particles in presence of L. innocua. (A) Smooth nanochains, (B) nanorods, and (C) microrods.
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rotational speed. The mixing speed influenced microrods dynamics, as 
the higher mixing speeds (600 rpm) seems to generate more efficient 
motion compared to lower speed (300 rpm).

Overall, at both rotational speeds, significant differences in CFU 
counts were observed for selected AMP treatments of different sizes 
compared to the untreated control (Fig. 2). Specifically, nanorods 
showed significant effects in the adhered biofilm fraction at both 
300 rpm (p = 0.0254) and 600 rpm (p = 0.0152), whereas microrods 
exhibited a significant decrease only in the dispersed biofilm fraction at 
300 rpm (p = 0.0162) (Fig. 2C, D). By contrast, fluorescence measure
ments of the treated biofilms showed a significant decrease only for 
microrods at 600 rpm in the adhered fraction (p = 0.0102) (Fig. S6B). 
When comparing the efficacy of nanorods, microrods, and NCs at 
600 rpm, nanorods and NCs exhibited significant log10 reduction values 
of approximately 0.3 (p = 0.0005) and 0.2 (p = 0.0424), respectively, 
thereby exhibiting significant antibiofilm effects. At 300 rpm, nanorods 
reached a log10 reduction of 0.3 (p = 0.0069). Microrods produced only 
a limited log10 reduction of 0.1 (Fig. S8). Therefore, nanorods showed 
the most consistent effect on the adhered biofilm fraction, reaching a 
0.2–0.3 log10 reduction corresponding to approximately 37% and 50% 
decreases, respectively.

The lower efficacy of microrods is likely associated with their 
reduced dispersal stability during actuation, as their relatively large size 
prevents true colloidal behavior. Efficient biofilm disruption requires 
particles to remain well dispersed in suspension, enabling sustained 
rotational motion and repeated interactions with the biofilm matrix. 
Although vibrating sample magnetometry measurements indicated that 
microrods possess the highest magnetization and thus a strong magnetic 
response, their large size increases the tendency to sediment, which 
likely limits their effective motion at the biofilm interface under the 
applied magnetic field conditions. These observations indicate that 
antibiofilm performance is not governed solely by the intrinsic magnetic 
properties of the particles, but rather by a complex interplay between 
magnetic actuation parameters, particle mobility, size and shape, mag
netic moment, biofilm characteristics, and suspension stability. Notably, 
nanochains and nanorods exhibit comparable saturation magnetization 
values and similar effective magnetic moments per particle, as the 
magnetic volume is comparable (nanorods are approximately twice 
longer than nanochains but significantly narrower). Furthermore, both 
systems display similar colloidal stability. Therefore, the superior bio
film removal performance of nanorods is likely related to their smaller 
cross-sectional diameter. This feature may enhance their ability to 
interact mechanically with soft biological matter, facilitating more 
efficient disruption of the biofilm matrix. Overall, these results suggest 
that nanorods achieve the most favorable balance among the governing 
parameters, leading to the most effective biofilm disruption under the 
tested conditions.

Comparable studies have shown that particle size, shape, and field 
conditions govern magneto-mechanical biofilm removal, supporting the 
credibility of our results regarding nanorods [25,33]. Particle sizes 
range from hundreds of nanometers to micrometers, achieving varying 
levels of biofilm removal. For example, Fe₃O₄-loaded polydopamine 
hollow rods (393 × 121 nm) decreased Staphylococcus aureus biofilm 
biomass by approximately 10% after 10 min of exposure to rotating 
magnetic fields (2000 rpm) and by 53.0 ± 7.2% after 15 min [61]. 
Bhuyan et al. [62] synthesized larger anisotropic particles (50–160 µm), 
achieving decreases in S. aureus and Pseudomonas aeruginosa viability by 
77% and 74.2%, respectively, under unidirectional motion (10 mT, 8 
kA/m, 8 s of actuation), with further decreases under spinning motion 
(by 76.1% and 79.2%). Mayorga-Martinez et al. [63] reported 400 nm 
halloysite nanotube-based nanorobots coated with polyethyleneimine 
for ampicillin loading, which, under magnetic actuation (10 Hz, 5 mT, 4 
kA/m, 1 h), penetrated S. aureus biofilms on titanium mesh and ach
ieved a 93% decrease. However, biofilm removal was suboptimal in all 
these cases, ranging from a 0.25 log10 reduction (corresponding to 40% 
removed biofilm) up to a 0.7 log10 reduction (80% removed biofilm) and 

1.1 log10 reduction (93% removed biofilm). It is important to note that 
there is considerable variability in particle characteristics, biofilm 
species-dependent mechanical properties, magnetic fields, exposure 
times, assay conditions, and microbiological tests, all of which 
contribute to differences across studies.

Many previous reports have indicated that larger anisotropic as
semblies correlate with stronger biofilm disruption [25,31,62]. How
ever, our current findings show that larger particles (microrods, which 
are too large to be colloidal) exhibit poor physical stability, limited 
mobility, and lower antibiofilm efficacy compared to smaller, colloidal 
NPs (nanochains and nanorods). This discrepancy may be explained by 
the following mechanism of sequential disruption. In some systems, 
smaller particles initiate early biofilm penetration. Afterwards, larger, 
sufficiently stable assemblies, which are formed from smaller NPs (such 
as the nanorods used in this study) cause more extensive damage during 
prolonged exposure, accounting for the higher efficacies reported.

In our previous work, magnetic NCs formed spinning swarms (~17 
µm) under a low-frequency rotating magnetic field (~10 rpm, ~15–20 
mT, 24 h) and enhanced antibiotic efficacy against floating S. epidermidis 
biofilms, resulting in a 4 log₁₀ reduction in methicillin-resistant strains 
[25]. Furthermore, in a study conducted under different magnetic field 
exposure conditions, using the same microrods, these particles out
performed smaller AMPs [64]. This behavior was attributed to the fact 
that elongated magnetic particles experience a torque (τ) proportional 
to their magnetic moment (μ) and the applied magnetic field (B): τ = μ 
× B. Because of their larger volume, microrods have a significantly 
higher magnetic moment, which, combined with their relatively high 
saturation magnetization (33.9 emu/g compared to 13–15 emu/g for 
nanochains and nanorods), results in substantially greater torque gen
eration than that of nanoscale AMPs. Notably, nanorods have an aspect 
ratio comparable to that of microrods, suggesting that particle anisot
ropy alone does not fully explain the observed differences in perfor
mance. Instead, these findings support the conclusion that biofilm 
disruption efficiency results from a complex interplay of multiple pa
rameters, rather than from a single dominant physical property. Overall, 
the contrasting performance of microrods across studies indicates that 
magnetic field exposure conditions play a critical role in determining 
their effectiveness, in addition to the intrinsic physical characteristics of 
the biofilm.

3.2.1. Planktonic L. innocua adheres to AMPs
To assess potential interactions between bacteria and AMPs that 

could affect the observed antibiofilm effects, the adhesion of L. innocua 
planktonic cells to AMPs of various sizes and surface roughness was 
evaluated after 30 min. For all AMPs, CFU counts were in the range of 
108 CFU/mL. Regarding surface roughness, bacteria adhered least to 
NC-mrSi, whereas the differences between NC-sSi and NC-hrSi were 
minimal. Log10 reduction values indicating bacteria adhered to the 
AMPs were all highly significant compared to the control: approximately 
0.7 for NC-sSi (SD = 0.12, p < 0.0001), 0.5 for NC-mrSi (SD = 0.19, 
p < 0.0001), and 0.6 for NC-hrSi (SD = 0.19, p < 0.0001) (Fig. S9). 
Regarding size, NCs (0.7 for NC-sSi, SD = 0.1, p < 0.0001) and nanorods 
(0.7, SD = 0.2, p < 0.0001) exhibited the highest log10 reduction values, 
whereas significantly fewer cells adhered to microrods (0.4, SD = 0.3, 
p = 0.0014) compared to the control without particles (Fig. S9). This 
observation can be attributed to the greater total surface area of smaller 
AMPs at the same mass concentration, which provides more available 
sites for bacterial attachment.

After 30 min of exposure, substantial bacterial adhesion occurred on 
all AMP surfaces. No clear trend was observed between AMP surface 
roughness and bacterial adhesion. All AMPs had carboxyl groups 
exposed on their surfaces, which confer a negative charge. This enables 
interactions with cell-surface proteins and teichoic acids and thus favors 
the adhesion of Listeria [58,59]. Adhesion of planktonic bacteria is 
non-negligible, therefore these AMPs likely adhere to or become 
entrapped within the biofilm.
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3.3. Hybrid approach to biofilm removal by nanorod–AgNPs

Many successful approaches have combined magneto-mechanical 
disruption with an additional antibacterial modality, such as antibi
otics [25], photothermal therapy [65], and reactive oxygen species [66]. 
Following this rationale, we grafted AgNPs onto nanorods, thereby 
combining magneto-mechanical action with a complementary bacteri
cidal effect. Although NCs and nanorods exhibited comparable effects on 
L. innocua biofilms, nanorods were selected because they are larger than 
L. innocua bacterial cells (~ 1 µm), remain well-dispersed in media, have 
greater potential for biofilm removal through the generation of stronger 
mechanical stirring forces, and are easy to produce. In the proposed 
hybrid magneto–chemical system, anisotropic magnetic nanorods 
disrupt biofilms through rotational motion, whereas AgNPs directly 
affect bacteria in biofilms. We first analyzed the effects of AgNPs in our 
model bacterial systems and then used L. innocua model for the hybrid 
approach.

3.3.1. The effects of AgNPs on planktonic and biofilm bacteria
AgNPs were synthesized by reducing silver ions with tannic acid 

[67]. To enhance stability and facilitate effective grafting of AgNPs onto 
nanorods functionalized with APTES, AgNPs were further functionalized 
with carboxylic acid-modified PEG via a thiol-silver linkage. The 
PEGylated AgNPs demonstrated good colloidal stability in PBS, as 
confirmed by UV–Vis and dynamic light scattering analyses (Fig. S10A, 
B). TEM analysis showed a mean particle diameter of 12.1 ± 0.9 nm 
(Fig. 5A), whereas dynamic light scattering measurements indicated a 
mean hydrodynamic diameter of 13.8 ± 1.1 nm with a polydispersity 
index of 0.11 ± 0.02. Zeta potential analysis showed a surface charge of 
− 42.9 mV. Nanorod–AgNPs were prepared by conjugating AgNPs to 
nanorods functionalized with APTES via EDC/NHS coupling, with suc
cessful grafting confirmed by both TEM imaging (Fig. 5B, C) and UV–Vis 
spectroscopy (Fig. S10C).

Before the combined magneto-chemical treatment, species- 
dependent variability was assessed by characterizing the bioactivity of 
AgNPs using L. innocua, E. faecalis, and C. albicans. First, we assessed the 
toxicity of AgNPs against L. innocua by monitoring planktonic bacterial 
growth curves in the presence of different AgNP concentrations and 
comparing them with those obtained using SiO2NPs at the same con
centrations (Fig. S11), which served as a control to determine whether 
the mere presence of assumedly inert nanoparticles affect bacterial 
growth. At the highest AgNP concentration (0.1 mg/mL), bacterial 
growth was much lower than that in the control or with 0.1 mg/mL 
SiO2NPs (p < 0.0001), despite a relatively high standard deviation 
(Fig. S11A). Maximum OD after 24 h and maximum growth rate was 
also significantly lower in the presence of 0.1 mg/mL AgNPs compared 
to the control (p = 0.0016), whereas lag time showed no significant 
differences; both parameters also exhibited high standard deviations 
(Fig. S11B, C, D). Furthermore, viability was determined by CFU counts 
of planktonic L. innocua after 24 h of growth in the presence of AgNPs. 
The results showed a significant (p = 0.0006) mean log10 reduction of 
4.4, but with a high standard deviation of 1.8 (Fig. S11E). In summary, a 

low AgNP concentration (0.01 mg/mL) was not toxic to L. innocua, 
whereas a higher concentration (0.1 mg/mL) significantly decreased the 
growth rate and maximum OD of planktonic bacteria, achieving an 
antibacterial effect after 24 h (Fig. S11). High variability in the effects of 
AgNPs was consistently observed in experiments with planktonic 
L. innocua.

Next, we tested the effects of AgNPs on L. innocua biofilms. After 
30 min of incubation with AgNPs, no significant changes in biofilms 
were observed in the adhered or dispersed bacterial fractions compared 
to the untreated control or SiO2NP-treated biofilms. However, 0.1 mg/ 
mL SiO2NPs produced significantly greater biofilm growth (p = 0.0384) 
compared to the untreated control in both the adhered biofilm and 
dispersed fraction (p = 0.0478) (Fig. S12A), likely by providing an 
additional surface area for adhesion and growth. Bacteria in biofilms are 
altered and more resistant to the environment, and thus the lack of any 
effect of AgNPs after 30 min of exposure was expected. To further assess 
potential time-dependent effects, biofilm exposure was prolonged to 
24 h. Significantly greater growth compared to untreated control of 
adhered bacteria was observed with SiO2NPs (p = 0.0034 and <
0.0001) and 0.01 mg/mL AgNPs (p = 0.0361). No significant differ
ences were observed in the dispersed bacterial fraction (Fig. S12B). 
Prolonged AgNP exposure mostly increased the variability of the CFU 
measurements rather than producing consistent antibiofilm effects.

To evaluate the sensitivity of L. innocua biofilms to Ag+ ions, biofilms 
were treated with 1, 0.1, and 0.01 mg/mL AgNO3 for 24 h. AgCl pre
cipitates formed upon addition of AgNO3 to the medium, making it 
impossible to determine the exact effective concentration. Nevertheless, 
high sensitivity to Ag+ ions was observed. For all three concentrations, 
significant CFU decreases in biofilms exposed to AgNO3 were observed 
in both the adhered (p < 0.0001) and dispersed (p < 0.0001, < 0.0001, 
and = 0.0006) bacterial fractions compared to the untreated control 
(Fig. S12C). Overall, all AgNO3 concentrations showed high toxicity 
against L. innocua biofilms.

Previous experiments with AgNPs of 20–40 nm in size revealed 
minimal inhibitory concentration values between 3.125 μg/mL and 
0.010 mg/mL and minimal bactericidal concentration values around 
0.020 mg/mL [68,69]. These studies used concentrations lower than 
those used in our experiments, matching only our lowest AgNP con
centration of 0.01 mg/mL.

To evaluate the generalizability of the observed effects of AgNPs, 
additional assays were performed on resilient Gram-positive E. faecalis 
and C. albicans yeast. Both these species are part of human microbiota 
but can act as opportunistic pathogens [70,71]. First, mature (24 h) 
E. faecalis and C. albicans biofilms were exposed for 24 h to 
0.0001–0.1 mg/mL AgNPs. Neither E. faecalis nor C. albicans biofilms 
showed any significant decreases in CFU counts at any AgNP concen
tration (Fig. S13A, B). These findings are consistent with the known 
tolerance of fungal biofilms to NP-based treatments [72].

Next, E. faecalis was evaluated during early stages of biofilm for
mation (initial adhesion) under identical AgNP exposure conditions. 
After 24 h of treatment, no measurable inhibitory effects were observed, 
and CFU counts remained comparable to those of untreated controls 

Fig. 5. Representative transmission electron microscopy images of silver nanoparticles. (A) AgNPs and (B, C) nanorod–AgNPs.
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(Fig. S14).
To determine whether Ag+ ions could overcome this tolerance, 

E. faecalis biofilms were treated with aqueous AgNO₃ at 1, 0.1, and 
0.01 mg/mL. No decreases in viable cells were observed at any AgNO₃ 
concentration (Fig. S15), confirming that E. faecalis biofilms are highly 
resilient to both NPs and Ag+ ions. These results are consistent with 
previous findings showing that E. faecalis retains structural integrity and 
metabolic activity despite exposure to conventional disinfectants [70, 
73]. Similarly, during the initial adhesion phase, E. faecalis showed no 
inhibition and even a modest increase in viable counts at the highest NP 
concentration (Fig. S14). Overall, the data underscore that silver-based 
treatments cannot be assumed to be universally effective and support 
the need for hybrid magneto–chemical strategies that account for mi
crobial physiology, biofilm architecture, and experimental context.

Previous studies have shown that the effects of AgNPs depend on the 
particle’s size, shape, surface coating, and synthesis method as well as 
the microorganisms used. Data on the specific nature of AgNPs used in 
microbiological studies are inconsistently reported or not readily 
accessible, making meaningful comparisons across studies difficult. It 
has been reported that spherical AgNPs have the best antibacterial 
properties because of their maximal surface area for bacterial exposure. 
Surface coating is important for the stability of AgNPs, influencing their 
antimicrobial effect and improving their biocompatibility with 
mammalian cells [36,74–76]. The size of AgNPs also influences their 
antimicrobial effects. AgNPs measuring less than 10 nm or even 20 nm 
can penetrate bacterial cells, rupturing the cell wall and increasing cell 
permeability. This has harmful consequences in bacteria, including ef
fects on DNA replication, protein synthesis, cell wall synthesis, protein 
denaturation, generation of reactive oxygen species, and disruption of 
the cell’s electrochemical potential.

In addition to the effects mentioned above, AgNPs that release Ag+

ions exert effects related to the binding of silver to all negatively charged 
molecules in the bacterial cell. Whether a substantial part of AgNP 

toxicity originates from Ag+ ions has not yet been fully resolved [75]. It 
is also important to note that Gram-negative bacteria are usually more 
susceptible to the antimicrobial effects of AgNPs than Gram-positive 
bacteria because of their thinner cell wall [74,77]. The AgNPs used in 
this study were coated with PEG to increase their colloidal stability [76, 
78]. They had a mean hydrodynamic diameter of 13.8 ± 1.1 nm, which 
did not decrease significantly over a week (Fig. S10A), indicating 
negligible release of Ag+ ions under the tested conditions. However, this 
may depend on the incubation medium and time. L. innocua and 
E. faecalis are Gram-positive bacteria with thick cell walls and are 
therefore less susceptible to particle penetration [74]. Given the char
acteristics of AgNPs, their mode of action is probably through contact 
with the bacterial cell wall.

Collectively, these findings demonstrate that silver-based chemical 
treatments alone are insufficient to eradicate mature and resistant bio
films, such as those formed by L. innocua, E. faecalis, and C. albicans. This 
supports the design of a hybrid mechano-chemical strategy.

3.3.2. Combined mechano-chemical biofilm removal using hybrid 
nanorod–AgNPs

To evaluate a hybrid magneto–chemical strategy, AgNP-grafted 
nanorods were tested against L. innocua biofilms and compared to un
treated controls, AgNP-only treatments, and nanorod-only treatments 
(Fig. 6). Based on the results of the antibacterial assessment of AgNPs on 
L. innocua biofilm, we hypothesized that AgNPs alone would not affect 
L. innocua biofilms within 30 min. Therefore, nanorods were used to 
disrupt biofilms, thereby facilitating bacterial exposure to hybrid 
nanorod–AgNPs and enabling a synergistic effect.

The concentration of AgNPs was adjusted to match the silver content 
in the nanorod–AgNPs at 1 mg/mL. L. innocua biofilms were treated in a 
magnetic field at 600 rpm, a speed previously shown to provide better 
AMP colloidal stability and even dispersion throughout the microtiter 
well. The magnetic fields were applied using both a 96-well induction 

Fig. 6. Log10 reduction in colony-forming units (CFUs) of treated biofilms and dispersed bacteria. The untreated control was compared to 30 min treatments with 
silver nanoparticles (AgNPs) (0.17 mg/mL), nanorods (NRs) (1 mg/mL), and nanorod–AgNPs (NR–AgNPs) (1 mg/mL) with different stirrers and incubations. 
Samples were treated on either a 96-well induction stirrer (A, C) or laboratory stirrer (B, D) without further incubation (A, B) or with an additional 24 h of incubation 
(C, D). Error bars denote min and max ranges. ANOVA revealed significance levels of p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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stirrer and a laboratory stirrer. The laboratory stirrer was introduced 
because the magnetic field strength of the 96-well induction stirrer was 
limited to a maximum of approximately 2 mT (Fig. S3), whereas the 
laboratory stirrer in the inverted configuration (described in the 
Methods section) achieved field strengths of up to approximately 10 mT 
(Fig. S3). The synergistic effects of nanorods and AgNPs were observed 
with both stirrers, but were more pronounced with the laboratory stir
rer. Compared to the untreated control, a significant reduction of 
approximately 0.5 log10 (Fig. 6A, B) was achieved with the 96-well in
duction stirrer (p = 0.0007) and the laboratory stirrer (p < 0.0001) in 
the dispersed but not adhered bacterial fraction. This indicates that 
nanorod rotation in the rotating magnetic field helps NPs interact with 
biofilms, resulting in synergistic effects of hybrid magneto–chemical 
biofilm disruption. The antibiofilm effects of AgNPs alone varied 
considerably between experiments, reaching a mean log10 reduction of 
0.2 ± 0.3. In addition, fluorescence intensity measurements did not 
show any significant differences in biofilms after 30 min of treatment, 

limiting their usefulness in such settings (Fig. S6C).
Next, the effects of prolonged exposure of L. innocua biofilms to 

nanorod–AgNPs were assessed. Antibiofilm effects of AgNPs on Staph
ylococcus pseudintermedius have been demonstrated after 24 h [79]. 
Additionally, the effects of 0.1 mg/mL AgNPs on L. innocua planktonic 
bacteria were more pronounced after 24 h. Therefore, we tested whether 
this effect also applies to treated biofilm by adding a 24 h regrowth 
period in the presence of AgNPs and nanorod–AgNPs after the 30 min 
magnetic stirring treatment. The antibiofilm effects of AgNPs alone at a 
similar concentration of 0.1 mg/mL were not enhanced after 24 h 
(Fig. S12B). However, at a nearly twofold higher concentration 
(0.17 mg/mL), AgNPs exerted enhanced antibiofilm effects, with a mean 
log10 reduction of approximately 1.8 in both the adhered and dispersed 
fractions; however, these effects were less pronounced than those 
observed with planktonic bacteria (Fig. S11E). These results were sig
nificant in both the adhered and dispersed fractions for both the 96-well 
induction stirrer (p = 0.0012 and p = 0.0407, respectively) and 

Fig. 7. Representative scanning electron microscopy images of nanoparticle-treated L. innocua biofilms. Biofilms were treated with silver nanoparticles (AgNPs) 
(0.17 mg/mL), nanorods (1 mg/mL), and nanorod-AgNPs (1 mg/mL) for 30 min using a laboratory stirrer at 600 rpm. Untreated biofilm (A), biofilms treated with 
nanorods (B), AgNPs (C), and nanorod–AgNPs (D). Arrows indicate the observed morphological changes.
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laboratory stirrer (p < 0.0001 and p = 0.0006, respectively). However, 
the 0.5 log10 reduction effect of nanorod–AgNPs observed after 30 min 
did not increase but rather diminished after 24 h, showing no difference 
compared to the untreated control (Fig. 6C, D), which is likely due to 
effective regrowth. Fluorescence measurements supported these find
ings, showing significant reductions for both the adhered and dispersed 
bacterial fractions of AgNP-treated biofilms, for both the 96-well in
duction stirrer (p < 0.0001 and p = 0.003, respectively) and laboratory 
stirrer (p = 0.008 and p = 0.0004, respectively) (Fig. S6D, E).

This confirms our findings that the effects of AgNPs increase with 
longer incubation times but are less effective on L. innocua biofilms 
compared to planktonic cells, indicating that L. innocua cells in biofilms 
are more resistant. Additionally, the lack of shaking could affect the 
movement and efficacy of AgNPs. It was also shown in L. monocytogenes 
biofilms that AgNPs combined with ZnO NPs at higher concentrations 
exerted antibiofilm effects, which were, however, minimal compared to 

the control after 24 h, similar to our results [80]. Our CFU and fluo
rescence measurements revealed that growth of nanorod–AgNP-treated 
biofilm after 24 h of regrowth was similar to that of the untreated 
control. We hypothesize that AgNPs exert antibacterial effects through 
interaction and contact due to Brownian movement. Consequently, 
immobilization of AgNPs on nanorods decreases the probability of direct 
contact between AgNPs and bacteria. Therefore, during the 24 h of 
L. innocua regrowth, AgNPs remain in contact with bacterial cells to 
exert their toxicity, whereas nanorod–AgNPs interact with bacteria only 
during the 30 min treatment, limiting their effectiveness.

L. innocua biofilms treated with AgNPs, nanorods, and nano
rod–AgNPs using a laboratory stirrer were further visualized by SEM 
(Figs. 7, 8). Bacterial cell length was more heterogeneous in NP-treated 
than untreated control samples (Fig. S16). Bacterial length significantly 
differed after 30 min of treatment with AgNPs (p = 0.0007) and nano
rods (p < 0.0001) (Fig. S16A). The median cell lengths in the untreated 

Fig. 8. Representative scanning electron microscopy images of nanoparticle-treated L. innocua biofilms after 30 min treatment and a 24 h period of regrowth. 
Biofilms were treated with silver nanoparticles (AgNPs) (0.17 mg/mL), nanorods (1 mg/mL), and nanorod–AgNPs (1 mg/mL) for 30 min using a laboratory stirrer at 
600 rpm, after which they were incubated for 24 h to enable regrowth. Untreated biofilm (A), biofilms treated with nanorods (B), AgNPs (C) and nanorod–AgNPs (D). 
Arrows indicate the observed morphological changes.
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control, AgNP-treated, nanorod-treated, and nanorod–AgNP-treated 
samples were 1.23 (1.08–1.43), 1.31 (1.08–1.53), 1.31 (1.14–1.47) and 
1.26 (1.06–1.48) µm, respectively. Minimal and maximal bacterial 
lengths were observed in silver-containing samples, ranging from 0.56 
µm and up to 2.58 µm for AgNPs and 1.55 µm for nanorod–AgNPs, 
possibly resulting from a stress response. Conversely, in the untreated 
control, the minimal and maximal lengths were 0.51 µm and 1.20 µm, 
respectively. It has previously been reported that L. monocytogenes cells 
can shorten by up to 50% in the presence of AgNPs [81]. Additionally, in 
AgNP-treated samples, we observed marks on the bacterial surfaces 
(Fig. 7), which were more frequent and pronounced after 30 min of 
treatment. The observed morphology was similar to that observed in 
other studies involving AgNPs [82,83]. Conversely, these morphological 
changes could also result from sample preparation, during which 
lyophilization can disrupt the bacterial cell wall.

In SEM images of samples treated with AgNPs, nanorods, and 
nanorod–AgNPs for 30 min followed by 24 h of regrowth, bacteria 
appeared less dense in the AgNP-treated sample, indicating a possible 
stress response (Fig. 8). After 24 h of incubation, AgNP- and nano
rod–AgNP-treated bacteria exhibited similar morphological changes, 
with more frequent and distinct marks on their surfaces compared to 
those observed after 30 min of treatment. The median lengths of un
treated and AgNP-treated bacterial cells were similar: 1.28 (1.07–1.52) 
µm and 1.27 (1.10–1.47) µm, respectively (Fig. S16B). Conversely, 
nanorod- and nanorod–AgNP-treated bacterial cells were distinctly 
shorter than control cells, with median values of 1.22 (1.02–1.50) µm 
(p = 0.0491) and 1.13 (0.88–1.39) µm (p < 0.0001), respectively. 
Maximal bacterial lengths were observed in samples containing silver, i. 
e., AgNPs and nanorod–AgNPs, reaching 3.42 µm and 3.56 µm, respec
tively, suggesting growth under stressful conditions with impaired di
vision (Fig. S16B).

SEM revealed that nanorods adhered to the cell surface of L. innocua 
biofilms (Fig. 7). This indicates that rotation of the nanorods in the 
rotating magnetic field facilitates their contact and adhesion to biofilms, 
as we have shown is possible for planktonic L. innocua as well (Figs. 7, 
S7). SEM further revealed that clusters of nanorods intertwined with 
bacterial cells (Fig. 7), suggesting that nanorods affect biofilms without 
detaching L. innocua cells. However, the adhered nanorods prevented 
the evaluation of bacteria-covered surfaces (compared to the control). 
Nanorods and nanorod-AgNPs were overgrown with bacteria after 24 h 
incubation (Fig. 8).

This study evaluated biofilm removal efficacy primarily by 
measuring cell viability, using CFU and fluorescence assays, and by 
visualizing sublethal and structural damage in microbial cells, using 
SEM. A comprehensive understanding of the mechanisms driving these 
effects is critical for advancing the application of AMPs and AgNPs for 
the removal of persistent biofilms. Therefore, future studies should 
employ advanced methods, e.g., flow cytometry, reactive oxygen species 
quantification, and metabolic activity assays, to elucidate sublethal ef
fects and underlying modes of action. Such investigations will clarify 
how NP size, morphology, and dynamic actuation contribute to distinct 
biofilm disruption mechanisms, enabling more targeted and intelligent 
design.

4. Conclusions

Biofilms are highly persistent and difficult to remove with currently 
available methods. In this study, we systematically evaluated the effects 
of AMP characteristics, such as surface roughness and size, on the 
effectiveness of removing L. innocua biofilms. We also employed AgNPs, 
assessed their toxicity against different microorganisms, and demon
strated a synergistic effect with AMPs, which showed promising results 
for L. innocua biofilm removal. These observations illustrate that biofilm 
susceptibility to disinfectants, including silver-based treatments, is 
highly species-dependent, and that intrinsic biological resilience often 
outweighs the effects of chemical treatments alone. Our findings 

reinforce the importance of combining mechanical actuation with tar
geted chemical strategies to achieve synergy for consistent and repro
ducible biofilm removal across diverse microbial systems.
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N. Zaveřsek et al.                                                                                                                                                                                                                               Colloids and Surfaces B: Biointerfaces 266 (2026) 115784 

14 

https://doi.org/10.1016/j.colsurfb.2026.115784
https://doi.org/10.5281/zenodo.18246053
https://doi.org/10.5281/zenodo.18246053
https://doi.org/10.6019/S-BIAD2741


the experimental workflow for biofilm reduction (Fig. S2), Magnetic 
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